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The construction of a test embankment on ultra-soft ground containing an approximately 50-m-deep soft peat layer with N-values of 0 to 1 did
not result in catastrophic slip failure during construction but did cause substantial deformation of the adjacent ground. In addition, large-scale
settlement in excess of 11 m occurred in the approximately 3 years following embankment construction. Based on ﬁeld observations, it became
evident that this large settlement was attributable to delayed compression of the deep peat layer, which was assumed at the design stage not to be
subject to settlement. Based on laboratory tests and site investigations, it was deduced that due to depositions under continuous artesian
conditions, this peat layer had an extremely low consolidation yield stress and was in a state such that even a slight increase in stress would result
in large-scale compression. After conﬁrming the ability of the analysis code based on soil–water coupled ﬁnite deformation theory, which
included an elasto-plastic constitutive equation describing the behavior of the soil skeleton, to reproduce the observed ground behavior, the code
was used to predict future settlement. These simulations were then used to evaluate the effectiveness of countermeasures aimed not only at
improving stability during construction, but also at reducing residual settlement. The results of these analyses were applied in the planning of
large-scale repair work performed on the test embankment. Also, when an embankment was subsequently constructed near the test embankment
on similar ultra-soft ground, ground improvements were conducted prior to embankment construction as a countermeasure against residual
settlement. In this paper, valuable ﬁeld data related to these latter construction efforts is also presented.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The ground in the Mukasa area in Wakasa-cho, Fukui
Prefecture, comprises an approximately 50-m-deep soft peat-
containing deposit with N-values in the order of 0 to 1, and is
an extremely rare example of ultra-soft ground. In advance of
construction of the Maizuru–Wakasa expressway slated to be
completed in FY2014, a test embankment was constructed in
February 2006 for the purposes of identifying and selectingElsevier B.V. All rights reserved.
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358344appropriate countermeasures to problems arising due to the
softness of the ground. While construction of the test embank-
ment did not induce catastrophic slip failure, it dramatically
impacted the surrounding ground, resulting in a maximum
uplift of approximately 1 m and a maximum horizontal
displacement of approximately 2 m in the vicinity of the toe
of the embankment. This caused the waterway to slant and
cracks to form on the ground surface (Photo 1). Ground
deformation due to the embankment was observed as far as
approximately 100 m from the toe of the embankment.
Because nearby paddy ﬁelds could no longer retain water as
a result of this slanted ground, work was performed to re-level
the ﬁelds by scraping surface soil. By the time the target
embankment height of approximately 7 m was ﬁnally
achieved, the embankment had already reached a total thick-
ness (the sum of embankment height and settlement) of 15 m
(Hirata et al., 2010). Approximately three years after the
establishment of the test embankment, settlement had reached
11 m.
Embankment loading on thick deposits of soft ground in
general, not just peat, results in the risk of both failure and
settlement, necessitating the implementation of preventative
countermeasures. The vertical drain method is one effective
countermeasure that promotes consolidation settlement and
strengthening of soft ground. While it is widely recognized
that the vertical drain method is effective in improving stabilityInclination 
of waterways
Uplift 
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Fig. 1. Schematic of test embankment and undduring embankment construction, the verdict regarding its
effectiveness in preventing residual settlement is mixed, with
clear evidence of its efﬁcacy in some cases (Noda et al., 2005)
but not in others (Mochinaga et al., 1984). It is generally found
to be ineffective at reducing residual settlement in the case of
peaty ground (Root, 1958; Lea and Brawner, 1963). In the
context of expressway construction in Japan, based on
approximately 50 years of construction experience, it has
become standard practice to use the vertical drain method
and make other ground improvements prior to embankment
construction only when “stability” is an issue (Japan Highway
Public Corporation, 1998). Residual settlement is generally not
taken into consideration at the design stage but is instead
treated as something to be dealt with through maintenance and
repair after entry into service.
As can be seen in Figs. 1 and 2, the test embankment in the
Mukasa area comprised three sections, one improved using
cardboard drains, one with sand drains, and one with no
ground improvement. The drain lengths were determined
based on a stability analysis. At the point that embankment
construction was completed, it was concluded that the impact
of ground improvements by drain on residual settlement was
unknowable. This is because the ground composition in the
Mukasa area is extremely complex, and the thickness of the-0.0
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Fig. 2. Ground surface settlement for test embankments.
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tially. It was therefore concluded that it would be impossible to
directly compare the impact of the presence or absence of a
drain. In reality, however, it was noticed that the unimproved
deep peat layer, assumed at the design stage not to be subject
to settlement, had undergone substantial compression as a
result of embankment loading. Furthermore, this settlement did
not appear to be approaching convergence approximately three
years after completion of the embankment.
In this paper, the focus is on the sand drain (SD)-improved
section of the test embankment, where the underlying soft
ground was the thickest. This section had experienced the
greatest magnitude of settlement along the embankment. First,
by deducing the sedimentary environment underlying this
section based on the results of laboratory tests and site
investigations, it was investigated why such massive delayed
compression occurred in the deep peat layer, which had been
assumed in the design stage not to be subject to settlement.
Next, by utilizing the ground analysis code developed by the
our group, a simulation of the large-scale deformation of the
ultra-soft peaty ground observed in an approximately 4-year
period from the start of embankment loading was carried out.
After verifying the validity of the simulation, continuous
calculations were made without any change to the parameters
in order to predict future settlement behavior. Based on
additional simulations, it was evident that the installation of
drains, the construction of a light weight embankment, and the
reduction of loading speed are effective methods for improving
stability during loading and reducing residual settlement after
construction on ultra-soft peaty ground.
A numerical analysis of the Mukasa test embankment was
previously performed by Hirata et al. (2010). They performed
a calculation based on soil–water coupled inﬁnitesimal defor-
mation theory, employing an elasto-plastic constitutive equa-
tion capable of handling anisotropy (Sekiguchi and Ohta,
1977) to model the clay and peat, and modeling the sand
and the embankment as linear elastic materials. Based on a
precise simulation of the loading history, they were able to
reproduce the observed deformation up to completion of the
test embankment and to evaluate countermeasures aimed at
preventing the ground deformation in the vicinity of the
embankment during its construction, but did not attempt to
predict future deformation. In contrast, the present study
employed the soil-water coupled ﬁnite deformation analysis
code GEOASIA (Asaoka and Noda, 2007; Noda et al., 2008a)
based on an equation of motion with an inertial term rather
than a force equilibrium equation, onto which the SYS Cam-
clay model (Asaoka et al., 2002) capable of describing the
structure, overconsolidation, and anisotropy of the soil skele-
ton structure was mounted as an elasto-plastic constitutive
equation describing the soil skeleton. This analysis code
enabled to accomplish the following: (1) it was able to describe
the mechanical behavior of peat within the same theoretical
framework as all other soil components from clay, to sand, to
embankment material, i.e., within the same elasto-plastic
theory capable of describing movement of the soil skeleton
structure; (2) it was able to investigate the major factorscontributing to large-scale settlement by deducing initial in-situ
conditions (Inagaki et al., 2010), while taking the sedimentary
environment and sensitivity of peat to disturbance into con-
sideration; and (3) by consistently considering the range of
behavior from large delayed settlement resulting from pro-
gressive failure of the soil skeletal structure (Tashiro et al.,
2011) to instantaneous circular slip failure (Noda et al., 2008b;
Takaine et al., 2010; Nakano et al., 2010; Yamada and Noda,
2013), it was able to identify the conditions resulting in and
evaluate the efﬁcacy of countermeasures against each of these
phenomena.
The results of analyses in this paper were subsequently
applied to the design of a culvert box to replace a portion of
the test embankment, resulting in the construction of box with
1.2-m free board and the replacement of the adjacent embank-
ment with lighter material in order to reduce differential
settlement. In addition, when an embankment was subse-
quently constructed near the test embankment on similar
ultra-soft ground, drains were installed deeper to reduce
residual settlement. In this paper, valuable ﬁeld data related
to these subsequent efforts was presented and, based there-
upon, the need for preparatory work prior to embankment
construction on soft ground aimed at reducing residual
settlement was demonstrated.
2. Deduction of the sedimentary environment and stress
state of the deep peat layer
Prior to construction of the Mukasa test embankment, the
question of whether or not the peat layer with a depth greater
than 30 m would be subject to settlement was discussed. The
layer represents a unique case: the consolidation yield stress pc
is estimated to be less than the effective overburden pressures
σ0v0estimated based on an assumption of a normal hydrostatic
pressure distribution (pcoσ0v0). However, after the test
embankment was actually constructed, it became evident that
this deep peat layer had also experienced substantial compres-
sion. Furthermore, it was conﬁrmed that excess pore water
pressure remained in the deep peat layer approximately three
years after test embankment construction. In this paper, we ﬁrst
examine why this large-scale delayed compression occurred in
the deep peat layer by attempting to identify the factors leading
to formation of this unique layer.
A map showing the geomorphology of the Mukasa area is
shown in Fig. 3. The Mukasa area is located within a triangular
region lying between the Kumagawa and Mikata faults known
as the San’en triangle. The region lies at the base of a valley
surrounded on three sides by mountains. Given that the peat in
the Mukasa area is classiﬁed as low-moor peat, containing a
relatively high proportion of clay and sand in addition to an
organic component, it is hypothesized that it was deposited in
the presence of abundant water. Because of the region’s cold
climate, it is believed that the organic component deposited in
the valley bottom without sufﬁciently decomposing, resulting
in the formation of localized ultra-soft peaty ground as deep as
50 m. Considering the fact that the region's topography was
created by fault motion occurring after the mid-Pleistocene era
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358346(Nakae et al., 2002) and that the annual rate of peat
accumulation was on the order of 1 mm/year (The Japanese
Geotechnical Society, 2004), it is unlikely that the unique state
(pcoσ0v0) of the greater than 30-m-deep peat layer resulted
from the layer remaining unconsolidated over this time. As0 200 400 600 0 100 200
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Fig. 3. Location of Mukasa area. (based on 1:50,000 geomorphological land
classiﬁcation map “Nishizu Kumagawa” (2001) ).such, it could be deduced that the deep peat layer was under
artesian conditions.
For this reason, in October of 2009 (approximately 3 years
after completion of the embankment) a standpipe piezometer
was inserted from the crown of the test embankment to directly
measure the water pressure of the Diluvial gravel (Dg) layer
lying directly under the deep peat layer. It was found that the
water pressure at a depth of 60 m was approximately 100 kPa
greater than the normal range of hydrostatic pressures. The
results of this measurement of the Dg layer and the distribution
of pore water pressure with depth prior to embankment
construction are both presented in Fig. 4(a). Based on the fact
that the pore water pressure before and after embankment
construction both lie on essentially the same line, it could be
assumed that the artesian pressure of the Dg layer did not
change following embankment loading. Given that a contin-
uous As1 layer exists at an approximate depth of 11 m, it was
estimated that the layers deeper than As1 are affected by the
artesian pressure, and the water pressure distribution prior to
embankment loading was estimated as the solid line shown in
Fig. 4(a). It was deduced that the artesian pressure is caused by
the fact that, due to fault motion, the Dg layer forms a
continuous layer that is lowest at the valley bottom and slopes
upward as it approaches the mountainous areas.
Fig. 4(b) shows the estimated effective overburden pressure
before embankment loading, taking artesian pressure into
consideration. The measured consolidation yield stresses
before, approximately 2 years after, and approximately 3 years
after embankment establishment are presented in the same
ﬁgure for reference. When artesian pressure is taken into
consideration, the pc4σ0v0 relationship is found to exist for all
layers. If the maximum effective stress experienced in the past
is assumed to be equivalent to the consolidation yield stress, it
can be imagined that the deep peat layers in the Mukasa areaPa)
Measurements
: Pore water pressure u 
: Consolidation yield stress pc
< After 2 years >
< Before embankment >
: Consolidation yield stress pc
< After 3 years >
: Consolidation yield stress pc
: Pore water pressure u 
Estimated initial distributions
: Pore water pressure u 0
: Effective overburden pressure p0
< Artesian pressure not considered >
: Pore water pressure u 0
: Effective overburden pressure p0
< Artesian pressure considered >
f initial ground conditions.
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pressure and a high void ratio even during deposition of the
overlying strata. It is believed that this is attributable to a
progressive increase in artesian pressure resulting from
ongoing subsidence of the Dg layer in the vicinity of the
valley bottom and uplift on the mountain side. As a conse-
quence, test embankment loading resulted in an effective stress
that readily exceeded the consolidation yield stress of the deep
peat layer, despite its extreme depth (430 m). It is further
speculated that, given the extremely high initial void ratio and
compressibility of the layer, substantial time was required for
the dissipation of the excess water pressure.
3. Estimation of material constants and initial conditions
The material constants and initial conditions for each layer
used in the analysis were estimated based on laboratory test
results. As can be seen in Fig. 1, the ground composition in theB E
D
C A
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Unimproved
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Fig. 5. Sampling points before and after embankment construction.
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Fig. 6. Laboratory test resultMukasa area is extremely complex and does not comprise
horizontal strata of deposited materials. The peat layer, which
contains pieces of wood and sand, is not only heterogeneous
but characteristically tends to undergo changes in water
content (i.e., desiccation and swelling) as a result of stress
release during sampling or slight disturbances during sample
preparation (Noto, 1991; Hayashi et al., 2012). As such, with
regard to the peaty ground in the Mukasa area, it was
extremely difﬁcult to classify the condition and type of
samples based solely on sampling depth.
For this reason, as many test results as possible for samples
before and after embankment construction in the vicinity of
cross sections targeted for analysis were collected. The
sampling locations are shown in Fig. 5. Then, the layer to
which each sample belonged was determined, based on soil
particle density, plastic limit, and liquid limit values which are
inherent to the “type” of soil. As can be seen in Fig. 6, the
samples were be classiﬁed as belonging to one of 10 layers
labeled Ac1 through Apt8 with increasing depth. In each
panel, the mean value is represented by a vertical line. It can be
seen that the liquid and plastic limits are higher and that the
soil particle density is lower for peat than for clay.
Next, material constants of all 10 soil types were deduced by
reproducing the results of consolidation tests and undrained
triaxial compression tests for undisturbed samples from each
layer using the model response of the SYS Cam-clay model.
Due to the lack of extension triaxial tests, only the character-
istics of anisotropy were estimated assuming that the degrada-
tion/development of anisotropy of the peat and clay occurs at a
slower rate than for sand, as was suggested in previous research
on natural deposited clay (Noda et al., 2005; Tashiro et al.,
2011). An example of the simulation results is presented in
Fig. 7. The material constants determined for each layer are
presented in Table 1. Although the ground contains sensitive
clays and peats with a liquidity index greater than one, which0 200 400
wn  (%)
:  A  2.5 years before
: Mean values
:  B  1.5 years before
:  C  2 years after
:  D  2 years after
:  E  3 years after
: Initial values
  estimated by analysis
s classiﬁed by soil type.
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358348easily lose strength by remolding and change state to slurry, all
of the samples for the triaxial tests used in this study were
prepared in the usual manner since self-standing specimens
could be made from the undisturbed samples. However, fairly
lower unit weight of peat than general soils and the artesian
pressure effects were not considered in the test. Therefore, some
of the tests were carried out in normal-consolidated state underFig. 7. Examples of results of laboratory tests a
Table 1
Material constants for ground.
Soil layer Ac1-1 Apt2 As1
Ac1-2
Elasto-plastic parameters
Compression index ~λ 0.46 0.21 0.15
Swelling index ~κ 0.1 0.05 0.02
Critical state constant M 1.55 1.7 1.0
Speciﬁc volume at p0 ¼98.1 kPa on NCL N 3.0 2.3 2.1
Poisson’s ratio ν 0.4 0.4 0.3
Evolution parameters
Degradation of overconsolidation state m 3.0 3.0 0.05
Degradation of structure a 0.45 0.45 1.0
b 0.8 1.0 1.0
cs 0.2 0.2 1.0
Evolution of β br 0.3 0.25 3.5
Limit of rotation mb 1.0 1.0 0.7
Density of soil ρs (t/m
3) 2.45 2.55 2.68
Permeability k0 (cm/s) Table 2the conﬁning pressure determined only by sampling depth.
Particularly in the case of the deep peat layer samples, the stress
paths from shear tests under conﬁning pressures greater than the
in-situ overburden pressure were not smooth and were found to
be convex downward. This may be attributable not only to the
heterogeneity of the samples, but also to the residual excess pore
water pressure in the samples prior to the onset of shear, asnd simulations using SYS Cam-clay model.
Ac2u Apt3 Ac2 Apt5 Apt6 Apt7 Apt8
0.19 0.72 0.3 0.68 1.21 0.47 1.04
0.04 0.06 0.03 0.15 0.1 0.05 0.1
1.2 2.3 1.6 2.0 1.6 1.7 2.0
2.0 3.9 2.2 3.7 5.5 2.8 5.0
0.4 0.4 0.4 0.35 0.4 0.4 0.4
3.0 3.0 3.0 1.0 3.0 3.0 3.0
0.32 0.1 0.23 0.25 0.4 0.29 0.4
0.8 0.8 0.8 0.9 0.8 0.8 0.8
0.1 0.2 1.0 0.1 0.2 0.3 0.3
0.3 0.1 0.2 0.2 0.2 0.1 0.2
1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.51 2.00 2.47 1.95 1.81 2.34 1.84
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358 349evidenced by the dramatic decline in permeability accompany-
ing the compression of peat samples. Test results that could not
be considered to exhibit homogeneous element behavior were
not subject to simulation.
Finally, the initial in-situ conditions prior to embankment
construction were deduced based on the natural water content
and the results of consolidation tests on undisturbed samples. The
natural water content measured in all laboratory tests, including
mechanical tests, are presented in Fig. 6. With respect to the ground
in the Mukasa area, although samples were collected from locations
very near to each other, in some cases, samples collected after
embankment loading had a higher natural water content than
samples collected before embankment loading. Even in the case of
samples taken from the same bore hole, in some instances,
extremely wide variability in the natural water content was
observed within a single stratum, (e.g., Apt5 and Apt6). In this
study, the soil–water coupled ﬁnite deformation analysis described
below were performed using natural water content values lying
between the mean and maximum values and values that most
closely reproduce the observed settlement were determined for each
layer by trial and error. The estimated initial water content values
before embankment construction are shown as gray solid lines in
Fig. 6. In addition, examples of deduced in-situ compression curves
and deduced distributions of initial conditions with depth are
presented in Figs. 8 and 9, respectively. With regard to the initial
conditions before embankment construction, it was assumed in this
study that the void ratio, degree of structure, degree of anisotropy,
and stress ratio were uniform within each layer irrespective of
depth, and generated a depth distribution of overconsolidation ratiosFig. 8. Examples of deduced ibased on the effective overburden pressure σ0v0and the consolida-
tion yield stress pc at the center of each stratum. Because sufﬁcient
sample data for the ground near the surface could not be collected,
it was assumed that the 0 to 8-m-deep layer (Ac1-1 and Ac1-2) was
composed of the same material and assigned a slightly lower water
content to the 0 to 3-m-deep layer (Ac1-1).
Although the slope of the compression curve in the over-
consolidation region for clay and peat in the Mukasa area is
generally shallow, the stress–strain relationship is ductile.
These characteristics were modeled in the SYS Cam-clay
model as a material having a high Poisson ratio and relatively
rapidly-developing anisotropy. The in-situ deep peat layer in
particular was predicted to undergo substantial compression as
a result of even a slight increase in stress above the
consolidation yield stress. These characteristics were modeled
as a material having a small initial consolidation ratio and a
high degree of structure, a large compression index, and
exhibiting rapid degradation of structure. Here, the degree of
structure refers to the degree of soil bulkiness. Soil with high
degree of structure can maintain higher void ratios under the
same stress state and withstand greater stress states with the
same void ratio than fully remolded soil (soil without structure)
(Asaoka et al., 2002; Asaoka, 2003).
4. Analysis conditions
In this study, the soil–water coupled analysis based on ﬁnite
deformation theory was conducted under 2-dimensional plane
strain conditions. The cross section subject to analysis isn-situ compression curves.
Fig. 9. Distribution of deduced in-situ initial conditions.
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M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358350presented in Fig. 10. The ﬁnite element mesh and boundary
conditions (immediately following embankment establishment)
used in the analysis are shown in Fig. 11. Although the actual
thicknesses of the ground layers were observed to vary in the
horizontal direction, for simplicity, it was assumed that all layers
were uniformly horizontally stratiﬁed and extended the thick-
nesses for each layer measured under the center of the embank-
ment. However, the two hard layers (As4 and Dpt) with relatively
high N-values located in the bottom-right corner of the cross
section were included in the model as simpliﬁed trapezoidal
strata. In the vertical direction, the model included all layers down
to Apt8, with the Dg layer being considered the basementstratum; in the horizontal direction, the model included all regions
affected by the embankment loading (width 400 m, height 50 m).
The embankment and ground were assumed to be fully saturated.
The water pressure at the embankment-ground boundary was
constantly set to zero (atmospheric), and a constant water pressure
distribution assuming artesian conditions was set for the bottom,
right and left boundaries. The loading history was simulated by
adding elasto-plastic elements on top of the ground (Takaine
et al., 2010). For simplicity, it was assumed that the embankment
was extended laterally at a constant rate, and simulated the
historical change in height of the crown in the center of the
embankment based on a series of 4 loading events (Fig. 12). As
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not conducted, taking into consideration the N-values shown in
Fig. 11, we applied an initial state equivalent to that of No. 6
medium-density silica sand as a general sand material (Tashiro
et al., 2011).
The coefﬁcients of permeability used in the analyses are
presented in Table 2. The coefﬁcients of permeability for the
ground were chosen from within the range observed in
consolidation tests for undisturbed samples based on their
ability to reproduce the ground deformation observed up to the
present. With regard to the highly compressible peat layer, the
e-lnk relationship expressed in Eq. (1) was employed to
describe the decrease in permeability k with decreasing void
ratio e. The improvement effect of sand drains was simply
modelled based on a mass-permeability concept proposed by
Asaoka et al. (1995), in which only the mass-permeability of
ground with drains is determined by back analysis to consider
the acceleration effect of consolidation resulting from the
drains installation, instead of modelling the each effect of
drains spacing, permeability of drains, disturbance due to drain
installation and other factor. In this study, a value 100 times as
large as the original coefﬁcients of permeability shown in
Table 2 were assigned to ﬁnite elements corresponding to the
improved area.
e¼ C ln k
k0
þe0 ð1Þ5. Ability to reproduce the observed settlement and
prediction of future settlement
Comparisons of observed values and simulated results are
presented in Figs. 12–16. Through a process of trial and error,the initial void ratios and permeability coefﬁcients for each
ground layer were adjusted so that the model would reproduce
the actual settlement observed for each layer directly below the
centerline of the embankment in the approximately four-year
period (up to March, 2010) starting with test embankment
construction. It was demonstrated that the analysis code
GEOASIA was capable, for the most part, of reproducing
not only the surface settlement and horizontal displacement of
the nearby ground surface, but also the pore water pressure
Table 2
Coefﬁcient of permeability used in soil–water coupled ﬁnite analysis.
k0 (cm/s) C k0 (cm/s) C
Embankment 1.0 105 No change in permeability Ac2 1.0 106 No change in permeability
Ac1-1 4.0 103 As4 1.0 106
Ac1-2 1.0 107 Dpt 1.0 108
Apt2 1.0 106 Apt5 5.0 104 0.169
As1 1.0 103 Apt6 1.0 105 0.639
Ac2u 1.0 106 Apt7 1.1 105 0.212
Apt3 1.0 106 Apt8 1.5 105 0.794
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tion of the embankment.
Next, without changing the parameters determined through
the above-described reproduction of observed settlement, the
numerical analysis was continued in order to predict future
settlement behavior. Deﬁning the end of consolidation as the
point where the settlement rate of the embankment center falls
to 1 mm/year, it is predicted that an additional settlement of
1.52 m will occur over the coming 66 years (approximately).
Fig. 17 shows the distribution of shear strain at the end of
embankment construction and at the end of consolidation. It isevident from these simulations that the large-scale deformation
of the ground near the embankment during embankment
loading is due to slip deformation of the shallow peat layer
in unimproved areas and that the long-term residual settlement
is caused by delayed compression occurring in the deep peat
layer after completion of the embankment. The difference in
lateral deformation on the left and right sides of the embank-
ment is attributable primarily to the presence of hard layers
(As4 and Dpt) deep in the soil proﬁle. Fig. 18 shows the
behavior of ﬁnite mesh elements in the middle of the deep
Apt6 layer. The deep peat layer, which initially possesses large
voids, is readily compressed because of its low consolidation
yield stress. It can further be seen that the permeability of the
deep peat layer becomes extremely poor as the void ratio
becomes smaller, resulting in the delayed dissipation of excess
water pressure.6. Evaluation of countermeasures against settlement/
failure of ultra-soft peaty ground
By using the parameters determined in the course of
reproducing observed settlement, and partially changing the
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Fig. 17. Distribution of shear strain.
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identify the conditions resulting in large residual settlement
and slip failure of ultra-soft ground containing peat, and to
evaluate the efﬁcacy of various countermeasures. In subse-
quent analyses, for simplicity, monotonic loading was assumed
utilizing the loading speed calculated using Eq. (2).
Embankment thickness 3:0 cm=day
  operatingratio 0:783ð Þ
¼ embankment thickness 2:35 cm=day  ð2Þ
here, the value of 3.0 cm/day represents the actual construction
rate, and the operating ratio is determined from constructionrate at the other embankment site in the Mukasa area based on
factors such as weather and availability of embankment
materials.6.1. Effect of mass permeability improvement by drain
installation
In order to evaluate the effectiveness of the ground
improvements by sand drains installed in the test embankment,
the following three cases were investigated. Case-1 represents
the improvement conditions that were actually implemented
(based on the analysis described above).
Case-1: SD installed in test embankment (length 20 m,
width 60 m).
Case-2: No SD installed.
Case-3: SD installed over extended area (length 34 m, width
85 m, see Fig. 12).
Fig. 19 shows (a) ground surface settlement directly under
the center of the embankment, (b) residual settlement after
presumed entry into service approximately 2 years after
completion of the embankment, and (c) horizontal displace-
ment directly under the toe of the embankment (only the
left side).
Settlement in the early stages of embankment loading is
smallest in Case-2. However, as illustrated in Fig. 20, a large-
scale circular slip including deep ground layers suddenly
occurred as a result of prominent undrained shear, causing a
sudden large-scale settlement in which the crown of the
embankment ended up being lower than the current ground
surface. Based on these results, it could be concluded that
installation of the SD in the test embankment in the Mukasa
area was effective at preventing a catastrophic slip failure.
Furthermore, because the analysis code GEOASIA employed
in this study is formulated based on an equation of motion with
an inertia term rather than a force equilibrium equation, it is
capable of modeling instantaneous circular slip without pro-
blems, as in Case-2, even if that handle failure via stress
control (Noda et al., 2008b; Takaine et al., 2010; Nakano et al.,
2010; Yamada and Noda, 2013).
Based on a comparison of Case-1 and Case-3, it can be seen
that expansion of the drain-improved area results in earlier
settlement convergence and a reduction of residual settlement
by approximately 50%. In addition, total settlement of the
ground was reduced due to suppression of the deformation
caused by undrained shear strain, particularly in the deep peat
layer. However, because the settlement of the improved area
occurs earlier, substantial deformation also occurs in the
shallow ground of unimproved areas near the toe of the
embankment. It is believed that when the drain installment
areas are expanded, increasing the area of counterweight ﬁll or
decreasing the loading speed in the early stages of embank-
ment construction, as discussed in Section 6.2 below, would be
an effective countermeasure against such deformation.
Fig. 18. Behavior of element at center of Apt6 layer.
Fig. 19. Effect of mass permeability improvement. (a) Ground surface settlement. (b) Residual settlement. (c) Horizontal displacement (left side).
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During test embankment construction, the loading speed
was controlled based on the embankment height. However,
because settlement progressed rapidly during construction, theactual loading speed increased, resulting in large-scale defor-
mation of the surrounding ground. Based on this experience, to
ensure stability during actual construction, the loading speed
was regulated based on the embankment thickness, effectively
slowing the loading rate.
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358 355Taking this into consideration, in this study the impact of
slow banking on Case-3 above (expanded drain installment
area) was examined. The results of this simulation are
presented in Fig. 21. Because slow banking promotes drainage
while loading, it not only reduces deformation of the shallow
ground but is also effective in reducing residual settlement.
However, in cases where construction cannot be carried out
over a sufﬁciently long period due to various local constraints,
other construction methods need to be evaluated. In fact, a
portion of the embankment in the Mukasa area was constructed
using the vacuum consolidation method.6.3. Effect of lightweight banking method
In the Mukasa area, a section of the SD-improved embank-
ment (STA498) was scheduled to be replaced with a culvert
box prior to the entry into service, in order to restore a local0                 10               20                30               40 (%)
Initial height of ground
Fig. 20. Circular slip during loading for Case-2 (unimproved by SD).
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Fig. 21. Effect of slow banking method. (a) Ground surface settlemenroad and waterway that had been blocked by construction of
the test embankment. In this study, in advance of designing the
culvert box and reducing the embankment load near the box,
the residual settlement expected to result from the load
reduction was estimated. For simplicity, load reduction was
modeled by removing ﬁnite elements corresponding to the
embankment. By extending the simulation shown in Fig. 12,
simulations were conducted to examine the impact on the
subsequent behavior of instantaneously reducing the load at a
point approximately 3 years after the end of loading. The
results of these simulations are presented in Fig. 22. It was
found that greater load reduction results in earlier convergence
of settlement and less residual settlement. Load reduction was
also demonstrated to reduce surrounding settlement of the
ground near the toe of the embankment, albeit only slightly.
If the load is reduced to that of an embankment constructed
using Foamed Cement Banking (FCB) material, residual
settlement is predicted to be on the order of 1 m.
These simulation results were applied to the design and
actual construction of a culvert box with a 1.2 m freeboard
capable of tolerating the predicted residual settlement.
In addition, a large portion of the backﬁlled embankment
spanning approximately 50 m was replaced with lightweight
FCB material. Photo 2(a) shows the test embankment after
load reduction construction.
7. Results and discussion related to ﬁeld observations
The results of ﬁeld observations of ground surface settle-
ment after culvert box replacement of the test embankment10
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embankment” refers to the historical change in height of the
embankment in the lightweight, backﬁlled area adjacent to the
culvert box. In the analysis shown in Fig. 22, the load was
reduced instantaneously under 2-dimensional plane strain
constraints assuming uniformity in the third axis. In contrast
to the simulation, the actual construction work involved partial
removal of the test embankment in a series of steps followed
by construction of the culvert box and a lightweight embank-
ment with a rectangular cross section. Given that the actual
loading history differs from that of the simulation, it is not
possible to directly compare the simulation and ﬁeld observa-
tion results. Nevertheless, the results of the ﬁeld observations
conﬁrm that embankment lightening is effective in achieving10
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Fig. 22. Effect of lightweight banking method.
C-Box57 m
Lightweight banking
C- B
Normal embankment
Photo 2. Different countermeasures after construction based on whether or not resi
not considered (STA498 test embankment, taken in 2013). (b) Residual settlementearlier convergence of settlement and reducing residual
settlement.
Photo 2(b) shows the second embankment located approxi-
mately 1.1 km (STA509) from the Mukasa test embankment.
In addition to being an extremely large-scale embankment with
a design height of 11.5 m, the embankment is underlain by an
approximately 45-m-thick soft peat layer similar to that under
the test embankment. Taking the test embankment experiences
into consideration, 34-m-deep plastic vertical drains (PVD)
were installed prior to embankment construction as a counter-
measure against residual settlement. Furthermore, because the
pace of embankment construction had to be accelerated due to
the construction of a nearby tunnel, 16-m-deep PVD were
additionally installed and a vacuum consolidation method
employed to ensure stability (Kosaka et al., 2011). The results
of ﬁeld observations of ground surface settlement under this
embankment are presented in Fig. 23(b). Although large-scale
settlement exceeding 11 m, similar to that observed for the test
embankment, occurred during embankment construction, the
presence of deep drains promoted consolidation of the deep
peat layer and substantially reduced the magnitude of residual
settlement. In addition, deformation of the nearby ground was
reduced through vacuum consolidation. As in the case of the
test embankment, a portion of this embankment was replaced
by a culvert box. However, given the small residual settlement,
there was no need to lighten the surrounding embankment.
Based on a comparison of the two embankments above, it
could be concluded that the conventional design principles,
that settlement can be coped with by providing sufﬁcient
freeboard and sinking allowance as long as stability can be
achieved, did not completely apply to the ultra-soft peaty
ground in the Mukasa area. When loading soft groundLightweight banking
57 m
ox
Normal embankment
dual settlement was considered during design stage. (a) Residual settlement
considered (STA509, taken in 2013).
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M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358 357containing clay or peat with a load exceeding the consolidation
yield stress of the soil, it is necessary to not only ensure
stability during embankment construction but also to imple-
ment countermeasures prior to construction against subsequent
residual settlement.
8. Conclusions
In advance of construction of the Maizuru–Wakasa express-
way on the ultra-soft peaty ground in the Mukasa area, a test
embankment was constructed to select countermeasures for the
problems associated with construction on soft ground.
Although catastrophic slip failure did not occur during loading,
the large-scale settlement that did occur was accompanied by
substantial deformation of the adjacent ground. The present
study focused on the SD-improved test embankment section
underlain by the thickest soft layer with a depth of approxi-
mately 50 m. In this section, the overall settlement exceeded
11 m approximately three years after embankment construc-
tion, and did not appear to be approaching convergence due to
large-scale delayed compression of the greater than 30-m-deep
peat layer, which was assumed in the design stage not to be
subject to settlement.
In this study, the cause of the large-scale delayed compres-
sion of the deep peat layer was ﬁrst investigated by deducing
the sedimentary environment of the stratum in question based
on laboratory tests and site investigations. It was conﬁrmed
that the valley bottom created through fault motion is under
artesian pressure on the order of 100 kPa. In addition, it was
estimated that subsidence of the valley bottom was accom-
panied by a progressive increase in artesian pressure and that
the deep peat layer deposited while maintaining a high void
ratio under low effective stress. It was believed that test
embankment loading resulted in a stress state readily exceed-
ing the consolidation yield stress, causing a characteristiclarge-scale compression of the peat layer and a dramatic
reduction in permeability due a decrease in the void ratio,
leading ultimately to delayed dissipation of excess water
pressure.
Next, the large-scale deformation of the ultra-soft peaty
ground observed in the approximately four-year period (up to
March, 2010) starting with test embankment construction was
simulated using the ground analysis code GEOASIA devel-
oped by our research group. The mechanical behavior of the
peat was described within the same theoretical framework as
all other soil components from clay, to sand, to embankment
material. In addition, by taking the sensitivity to disturbance
and the heterogeneity of the peat layers into consideration,
the initial in-situ conditions were deduced by simulating the
observed settlement of each layer under the center of the
embankment. It was demonstrated that the analysis code
GEOASIA was capable, for the most part, of reproducing
not only the large-scale deformation of the surrounding ground
that occurred during embankment loading, but also the
observed pore water pressures during embankment construc-
tion and the approximately 2-year period following construc-
tion. Allowing the simulations to continue without changing
the parameters obtained from the simulation of the observed
behavior resulted in the prediction of an additional 1.52 m of
residual settlement over the next 66 years (approximately).
The ground analysis code GEOASIA, which takes inertial
forces into consideration, enables the simultaneous investiga-
tion not only of long-term settlement behavior resulting from
degradation of the soil skeleton structure, but also circular slips
and failures that occur instantaneously. Taking advantage of
this feature of the analysis code, the effectiveness of counter-
measures in ensuring stability and reducing residual settlement
was also investigated. Due to its extremely low consolidation
yield stress, when peat is subjected to a substantial load under
undrained conditions, large lateral deformation, or in some
M. Tashiro et al. / Soils and Foundations 55 (2015) 343–358358instances slip failure, can occur. Even under drained condi-
tions, sudden large-scale compression occurs, leading to
signiﬁcant deformation of the surrounding ground. Through
a series of analyses, it was demonstrated that improvement of
the permeability by drains and that lowering the loading speed
as much as possible and, as a more drastic countermeasure,
lightening the load are effective not only to increase stability
during construction, but also to reduce the amount residual
settlement.
Large-scale repair work was performed on the test embank-
ment based on the results of these analyses. Furthermore, when
an embankment was subsequently constructed near the test
embankment on similar ultra-soft ground, the installation of
deeper drains and vacuum consolidation were conducted taking
the residual settlement into consideration. The results of ﬁeld
observations of both embankments presented in this study
emphasize the importance of implementing countermeasures
aimed at both ensuring stability during construction and, taking
future maintenance into consideration, reducing residual settle-
ment when subjecting soft ground containing clay and/or peat to
loads exceeding the consolidation yield stress of the ground.
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